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THE MITOCHONDRIAL UNIPORTER MODULATES NEURONAL 
REGENERATIVE OUTGROWTH AND CALCIUM DYNAMICS  
FOLLOWING AXOTOMY IN C. ELEGANS 
MELISSA McLOED 
ABSTRACT 
 Following neuronal injury, calcium signaling plays a critical role in promoting 
repair processes.  Injury produces an initial cytosolic calcium elevation mediated 
by calcium entry from the cut site, plasma membrane channels, and intracellular 
storage compartments.  Subsequently, a variety of signaling factors are involved 
in promoting growth cone formation and axon outgrowth and guidance, some of 
which include DLK-1, CaMP, CED-3, CED-4, and calreticulin.  Specific proteins 
mediating calcium transport have also been reported to significantly affect 
regenerative outgrowth, particularly inositol triphosphate receptors, voltage-gated 
calcium channels, and ryanodine receptors.  Given that mitochondria can store 
intracellular calcium and regulate cytosolic calcium levels, we hypothesized that 
the mitochondrial uniporter (MCU) may play a significant role in neuronal 
regeneration.  We found that inhibiting calcium entry into the mitochondria via a 
loss of function mutation in MCU significantly enhances axonal outgrowth 
following laser axotomy of single neurons in C. elegans.  This effect is calcium-
dependent, with the MCU mutant regenerative phenotype reverting to baseline 
levels when mutants are chronically treated with the calcium chelator EGTA.  We 
also find that sub-cellular calcium signals at the axon cut site are significantly 
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reduced in MCU mutants, while basal levels of calcium and axon guidance 
remain unaffected.  These findings suggest that mitochondrial calcium regulation 
plays a significant role in the regeneration of single neurons, and that inhibition of 
MCU activity may be a promising avenue for the treatment of clinical syndromes 
derived from axonal injury, such as spinal cord injury. 
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INTRODUCTION 
 Spinal cord injuries (SCIs) can result in serious, long-term disabilities 
ranging from partial sensory or motor impairments to complete paralysis and the 
elimination of sensation below the site of injury.  The spinal cord consists of 
many bundled axons that innervate regions of the body to make sensation and 
muscle movement possible.  Thus, the severity and location of a SCI determines 
an individual’s degree of impairment.  Despite the twelve to twenty thousand new 
cases of SCI occurring each year in the United States, few treatment options 
exist, which are aimed at preventing further damage and managing symptoms 
 rather than reversing the injury.    
 A major barrier to swift and complete recovery from a SCI is the weak 
capacity for regeneration displayed by neurons in the mammalian central 
nervous system (CNS; Case & Tessier-Lavigne, 2005).  Neurons located in the 
brain and spinal cord comprise of the CNS.  These neurons differ from neurons 
in the peripheral nervous system that innervate the body in that peripheral 
neurons regularly reform lost connections after axon severance (Case & Tessier-
Lavigne, 2005).  The inhibitory microenvironment surrounding injury is believed 
to be one cause of minimal CNS neuronal regeneration.  Contributors to this 
inhibition include myelin-derived molecules, such as Nogo, myelin-associated 
glycoprotein, and ephrin B3 (Yiu & He, 2006).  An injury-induced glial reaction or 
glial scar can also hinder neuronal regeneration through the release of 
extracellular matrix molecules called chondroitin sulphate proteoglycans 
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(CSPGs).  CSPGs form an inhibitory gradient that is highest at the lesion site, 
possibly exerting a negative effect on regeneration by altering the cytoskeleton 
and membrane components at the immediate site of axon injury (Yiu & He, 
2006). While extrinsic factors at least partially govern the regenerative capacity of 
CNS neurons, intrinsic factors also play an important role in this process.  
Differentiated neurons of many organisms display regenerative outgrowth after 
injury, suggesting that neurons possess an intrinsic capacity for regrowth (Chen 
et al., 2007).  The strength of some molecular signals has been defined as 
intrinsic regulators of regeneration.  Principle examples include the cAMP (Qiu et 
al., 2002) and mTOR (Park et al., 2008) pathways as well as the upregulation of 
“regeneration associated genes,” such as the Krüppel-like transcription factors 
(Moore et al., 2009).  Clearly, a variety of factors affect the success of neuronal 
regeneration. 
 
Calcium signaling in neuronal damage and regeneration 
 Ca2+ signaling is known to be critically involved in several processes 
associated with neuronal regeneration, including growth cone formation, 
outgrowth induction, and axon guidance (Henley & Poo, 2011). Following axonal 
injury, an initial spike in Ca2+ that is necessary for subsequent regeneration 
originates from both extracellular and intracellular sources (Ziv & Spira, 1993 & 
1995; Kulbatski et al., 2004; Kamber et al., 2009).  Recent reports in 
Caenorhabditis elegans suggest that nontoxic Ca2+ signals serve important roles 
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in promoting repair processes.  For example, Ca2+ levels were shown to be 
critically involved in the regeneration-promoting activity of DLK-1 (Yan & Jin, 
2012), cAMP, voltage-gated Ca2+ channels (Ghosh-Roy et al., 2010b), and 
ryanodine receptors (Sun et al., 2014).  In the cell, Ca2+ diffusion is extremely 
limited due to buffers present in the cytoplasm (Nowycky & Pinter, 1993), which 
causes microdomains to form around intracellular Ca2+  entry points.  Thus, it has 
been suggested that unique spatiotemporal Ca2+ signaling dynamics influence 
distinct signaling pathways (Berridge et al., 2000); particular receptors and 
interactions between receptors may mediate Ca2+-dependent neuronal 
regeneration, making their identification critical for understanding the biology 
behind the regenerative process and for identifying therapeutic targets for SCI.  
 
Calcium regulation by the mitochondria and ER 
 Plasma membrane, endoplasmic reticulum (ER), mitochondrial, and 
cytosolic Ca2+-binding proteins regulate intracellular Ca2+ levels (Figure 1).  
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Figure 1 Mendlovic & Conconi, 2010. Ca2+ regulation by proteins in the 
plasma membrane and intracellular storage compartments.   
Plasma membrane voltage-gated calcium channels and store- and receptor-
operated channels, the ER ryanodine (RyR) and inositol triphosphate (IP3R) 
receptors and sarco/endoplasmic reticulum Ca2+-ATPase, and mitochondrial 
Na+/Ca2+ exchanger (NCX), calcium uniporter (MCU), and permeability transition 
pore all contribute to local and/or global Ca2+ signaling dynamics within the cell.  
Many cellular processes (e.g. contraction, neuronal excitability, secretion, and 
neuronal regeneration) are controlled by Ca2+ signaling (Berridge et al., 2000).  
Cells at rest have a [Ca2+] of ~100 nM, and when the concentration rises to 
~1000 nM, Ca2+-sensitive processes generally become activated. Ca2+ is able to 
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engage many distinct signaling pathways through its use of a variety of molecular 
signaling components, which may be differentially enriched at particular Ca2+ 
microdomains (Figure 2).   
 
Figure 2 Berridge et al., 2000. Unique spatiotemporal Ca2+ signaling dynamics 
influence distinct signaling pathways. Many Ca2+-sensitive proteins exist within 
the cell that can be employed for the activation of particular processes. 
 
Different combinations of these components can produce signaling profiles that 
are spatially and temporally unique.  Furthermore, many of the proteins have 
several isoforms that can exhibit slightly different activity (Graupner et al., 2005; 
Periasamy & Kalyanasundaram, 2007).  Identifiying the particular channels, 
receptors, or interactions between these proteins that mediate Ca2+-dependent 
neuronal regeneration will inform research efforts and treatment strategies for 
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SCIs.   
 The molecular signaling events underlying robust neuronal regeneration 
may be facilitated by a close positioning between the major intracellular 
organelles that hold Ca2+, the ER and mitochondria. Generally, the ER holds high 
levels of Ca2+, which it can then release to produce or enhance Ca2+ signals 
within the cytoplasm.  In contrast, mitochondrial levels of Ca2+ are ordinarily low 
with transient elevations occurring when cytosolic concentrations reach 
micromolar levels that normally follow cell activation (Alonso et al., 2006; Rizzuto 
et al., 2012).  Mitochondrial Ca2+ uptake occurs in response to channel opening at 
both the plasma membrane and ER (Csordas et al., 2010; Giacomello et al., 
2010).  This action could be critically involved in shaping the intracellular Ca2+ 
signaling underlying neuronal regeneration as well as other cellular processes.   
 While mitochondria participate in apoptosis by releasing cytochrome c and 
other apoptotic factors from the permeability transition pore in response to death 
signals, recent evidence also suggests that mitochondria can serve a protective 
role in neuronal cell survival. C. elegans ric-7 mutants have mitochondria trapped 
in their neuronal cell bodies.  This sometimes results in spontaneous neuronal 
degeneration and causes rapid degeneration when the axons of these animals 
are laser ablated.  Interestingly, forcing mitochondria into axons blocks 
degeneration (Rawson et al., 2014).  Given this pro-survival property, it is 
possible that mitochondria may also promote regeneration following injury as 
well.  
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 The ER and mitochondria are known to interact with one another at 
specialized domains called mitochondria-associated membranes (MAMs; Figure 
3).  
 
Figure 3 Csordás et al., 2006. The mitochondria associated membrane 
visualized by electron tomography and surface models. (B–C) Micrograph of a 
DT40 TKO cell showing a juxtaposed ER and mitochondria. (D) Surface model 
of the ER (yellow) and outer mitochondrial membrane (OMM; red). (E) 
Micrograph examples of tethers at ER and mitochondria flanking regions. (F) 3D 
models of organelle tethering (gray) in E. 
 
Specific lipid metabolizing enzymes and Ca2+-handling proteins are enriched at 
the MAM, including modulators of IP3R function, like presenilin-2 and the sigma-1 
receptor (Raturi & Simmen, 2013).  The mitochondria and ER are separated by 
approximately 20 nm, with protein bridges linking the two organelles (Csordas et 
al., 2006; Rizzuto & Pozzan, 2006).  The MAM is believed to exist in part in order 
to facilitate direct Ca2+ transmission from the ER to the mitochondria for 
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tricarboxylic acid cycle activation.  The integrity of the protein bridges influences 
Ca2+ coupling between the organelles, with reinforced protein bridges enhancing 
Ca2+ transfer and limited proteolysis suppressing the interaction.  Interestingly, 
varying tether lengths have been observed, raising the possibility that molecular 
signaling events occurring at the MAM may be controlled by intraorganellar 
distance (Csordás et al., 2006). 
 The primary protein responsible for mitochondrial Ca2+ uptake is the MCU, 
located in the inner membrane of the mitochondria. While the OMM is Ca2+-
permeable, the membrane spanning MCU protein forms a Ca2+-selective pore 
(Baughman et al., 2011; de Stefani et al., 2011; Chaudhuri et al., 2013).  Both 
siRNA methods (Baughman et al., 2011; de Stefani et al., 2011) and complete 
genetic knockdown of MCU in mice (Pan et al., 2013) have been used to show 
that MCU is required for a rise in mitochondrial matrix Ca2+ when the cytoplasmic 
Ca2+ concentration is elevated.  Ca2+ uptake is driven by both the Ca2+ 
concentration gradient between the mitochondrial matrix and cytoplasm and a 
voltage difference across the inner membrane produced by electron transport 
chain proton pumping (Kirichok et al., 2004; Rizzuto & Pozzan, 2006).  Several 
proteins have been found to affect MCU activity as well, including MICU1 
(Perocchi et al., 2010), MICU2 (Plovanich et al., 2013), MCUR1 (Mallilankaraman 
et al., 2012), and EMRE (Sancak et al., 2013).  Since the OMM is directly 
opposed to the ER at the MAM, Ca2+ release from the IP3R and RyR could be 
shuttled directly into the mitochondria through MCU at these sites.  It is unknown 
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whether the transfer of Ca2+ between these organelles plays a critical role in cell 
physiology.  Future work will also be needed to determine how Ca2+ extrusion 
from the mitochondria via NCX (Palty et al., 2010), Letm1 (Jiang et al., 2009), 
and the Ca2+-H+ exchanger contributes to spatial and temporal Ca2+ dynamics. 
 In addition to ER and plasma membrane Ca2+ transfer to the mitochondria, 
mitochondria-derived molecular signals may also be targeting ER and plasma 
membrane Ca2+ channels and modulating their function.  One class of 
mitochondria-derived molecular signals is reactive oxygen species (ROS). The 
close association between the mitochondria and ER or the plasma membrane 
makes diffusion of ROS from mitochondria to Ca2+ channels at these locations 
possible.  Ca2+ elevations increase ATP demand necessary for Ca2+ 
homeostasis, exocytosis, etc., resulting in enhanced mitochondrial ROS 
production (Giacomello et al., 2010).  A substantial amount of evidence supports 
the modulatory role of ROS on RyR (Abramson et al., 1995; Suzuki & Ford, 
1999; Feng et al., 2000; Yan et al., 2008), IP3R (Bootman et al., 1992; Missiaen 
et al., 1992; Bultynck et al., 2004), and plasma membrane Ca2+ channels’ 
(Kourie, 1998; Fusi et al., 2001; Kolisek et al., 2005) activity in non-neuronal 
tissues.  ROS have also been shown to promote growth cone dynamics 
(Munnamalai & Suter, 2009) and cell protrusion efficiency (Taulet et al, 2012), 
implying their importance in neuronal regeneration.  Hydrogen peroxide (H2O2) 
specifically has been observed to induce neurite outgrowth in hippocampal cells 
treated with a PKC inhibitor (Min et al., 2006) and promote the regeneration of 
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injured peripheral sensory axons in zebrafish (Rieger & Sagasti, 2011).  ROS are 
thought to modulate RyR and IP3R activity by oxidizing exposed thiol residues 
(Kourie, 1998; Zima & Blatter, 2006).  Their oxidation is expected to result in 
enhanced Ca2+ release from these receptors and reduced Ca2+ binding by 
calmodulin (Hoshi & Heinemann, 2001; Terentyev et al., 2008; Figure 4).  Thus, 
these protein modifications have the potential to significantly modify key proteins 
involved in Ca2+ homeostasis. 
 
Figure 4 Camello-Almaraz et al., 2006. Mitochondria-derived ROS modify the 
RyR and IP3R through the oxidation of free thiol groups, resulting in enhanced 
Ca2+ release. 
 
C. elegans as a system for the study of neuronal regeneration:
 Caenorhabditis elegans is an advantageous system to use for studying 
neuronal regeneration because worms are cheap, anatomically simple, have high 
fecundity, and they are transparent.  Furthermore, extensive mutant libraries 
already exist, and genetic manipulations using RNAi, injection, and microparticle 
bombardment are possible, all of which aid efficient genetic screening for 
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particular phenotypes.  
 C. elegans’s transparency allows for the visualization of neuronal genetic 
labeling and severance by a laser in vivo.  C. elegans neurons also display 
robust regrowth in some neuron types after axotomy, with the extent or pattern of 
regrowth varying between neuron type (Ghosh-Roy and Chisholm, 2010).  
Important discoveries of intrinsic regulators of neuronal regrowth and axon 
guidance have been made in C. elegans.  In particular, the importance of the 
DLK kinase (Hammarlund et al., 2009; Yan et al., 2009) and cAMP (Ghosh-Roy 
et al., 2010) pathway and the activity of RyR (Sun et al., 2014), IP3R, and 
voltage-gated Ca2+ channels (Ghosh-Roy et al., 2010b) in axon regeneration 
were demonstrated in this species.  The DLK kinase has been confirmed to be 
critically involved in neuronal regeneration in flies (Xiong et al., 2010) and 
mammals (Shin et al., 2012) as well.  Finally, C. elegans and other animals share 
the same signaling pathways (netrins, ephrins, semaphorins, Slit/Robo) for axon 
guidance (Chen & Chisholm, 2011).   
  
Goal of this study: 
The purpose of this study was to determine whether MCU and ROS in 
neurons contribute to neuronal regeneration in C. elegans.  By identifying 
whether this mitochondrial protein and/or its molecular signals affect regenerative 
success, critical downstream signaling events in neuronal repair may be 
recognized and address how a single neuron needs to respond to axonal injury 
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for regeneration and functional recovery to occur.  Targeting MCU or 
manipulating ROS or the downstream mediators of either may facilitate 
successful repair after SCI.  Thus, this study may indicate novel therapeutic 
targets for SCI and potentially neuropathological conditions where Ca2+ and/or 
ROS homeostasis are disrupted. 
 
METHODS 
C. elegans maintenance and treatment 
 C. elegans were grown at 20°C on nematode growth medium agar petri 
dishes seeded with Escherichia coli OP50.  All experiments were performed in 
young adult hermaphrodites with either GFP or GCaMP3 encoded in the 
mechanosensory neurons.  The genotype of all mutant strains was confirmed by 
either sequencing the gene of interest or by visualizing the PCR product size 
using gel electrophoresis. All treatments were performed overnight, unless 
otherwise stated.  Chronically treated animals continued to receive treatment 
throughout laser surgery. The baseline strain was C. elegans zdIs5[Pmec-
4::GFP].  The following other strains were used for experiments:  
Table 1: C. elegans strains used for this work 
Strain name Genotype 
CG80 zdIs5[Pmec-4::GFP]; mcu-1(tm6026) 
BZ163 lin-15[GCaMP::RFP] 
CG82 lin-15[GCaMP::RFP];mcu-1(tm6026) 
CG83 zdIs5[Pmec-4::GFP]; ctl-1(ok1242) 
CG85 zdIs5[Pmec-4::GFP]; sod-2(gk257); sod-3(tm760) 
CG86 zdIs5[Pmec-4::GFP]; mcu-1(tm6026); ctl-1(ok1242) 
 
	  	  13 
Femtosecond laser surgery 
 Axotomy of single neurons was performed as described by Gabel et al. 
(2008), using a Ti:sapphire Mantis PulseSwitch Laser (Coherent Inc., Santa 
Clara, CA) system.  10 kHz trains of femtosecond pulses of energies between 
~10–20 nJ were used to vaporize worm tissue.  Complete axon severance was 
visually confirmed immediately following laser exposure.  All laser and imaging 
experiments were performed on an inverted Nikon Eclipse microscope with either 
a 40X 1.3 NA or 60X 1.4 NA objective.   
 
24 hr regeneration experiments and imaging 
 C. elegans with GFP encoded in their mechanosensory neurons were 
immobilized on a glass slide using 10% agarose pads and a small drop of 
polystyrene beads diluted in NGM buffer.  Mechanosensory neurons were tested 
because they are large, easily visualized under a microscope, and have been 
shown to regenerate previously.  After axotomy 20 and 40 µm from the cell body 
in either ALM or PLM neurons, worms were rescued from the pads by 
suspending them in NGM and using a pipette to transfer them to a fresh, seeded 
petri dish.  24 hr post-surgery, animals were placed on 2% agarose pads 
containing 5 mM sodium azide and imaged.  When an accurate assessment of 
total outgrowth length was possible, axonal outgrowth was traced and measured 
for a single neuron in ImageJ software (NIH).  Neuron outgrowth that appeared to 
directly reconnect to the severed distal axon segment and branches of <5 µm 
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were discarded. Statistical analysis was done using a Student’s t-test or one-way 
analysis of variance (ANOVA) and Tukey post hoc test, as indicated in the figure 
legends. 
 
Calcium imaging  
 C. elegans with a GCaMP3:mcherry construct encoded in their 
mechanosensory neurons were plated on 0.1% tetramisole in 2% agarose pads 
without beads.  Basal Ca2+ imaging measurements were made by taking pictures 
of ALM neurons from each group.  For 5 min imaging analysis, agarose pads 
were made on 22 x 22 glass coverslips.  For 5 hr imaging analysis, pads were 
made on normal 25 x 75 glass slides.  Worms were added to the pads, covered 
with a 25 x 75mm coverslip (to minimize focus drift; cglifesciences.com CLS-
1762-2575) for 5 min movies and a 22 x 22 coverslip for 5 hr assays, and then let 
sit for ~15 min for the drug to take effect.  Just prior to imaging, worms were 
repositioned so that they were horizontal, coverslips were reapplied, and wax 
was placed around all edges of the coverslip.  For 5 min movie assays, images 
were captured every 3 s (400 ms exposure), 30 s pre- and 5 min post-axotomy, 
and 5 programmed laser shutter openings (0.25 s each) were performed along 
the ALM axon 40 µm from the cell body.  For 5 hr assays, images were taken 
pre- and within 30 s post-axotomy, and once every hr thereafter for 5 hr, with 
axotomy of the ALM neuron performed manually.  The co-expression of GCaMP3 
and mcherry in these worm strains enabled us to perform ratiometric 
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measurements that account for changes in fluorophore concentration over time.  
The non-responsive mcherry fluorescent signal was used as a baseline 
measurement that compensated for changes in concentration.  Mean fluorescent 
signals in the cell body and within approximately 5 µm of the axon damage point 
were measured in individual neurons.  Fluorescence values were calculated as 
(GCaMP3-background)/(mCherry-background). Custom MATLAB software (The 
MathWorks, Inc.) was used for 5 min movie analysis, while 5 hr imaging analysis 
was performed manually using mean grayscale values in ImageJ software.   
 
Axon guidance 
 AVM neurons, like the ALM and PLM, sense gentle touch, are large, and 
regenerate.  The neuron projects from the worm head to midway down the body, 
where then it projects a short distance away from the ventral nerve cord at about 
a 90° angle.  AVM neuron regeneration assays were performed as described by 
Gabel et al. (2008b), with laser ablation occurring halfway down the short AVM 
axon projection toward the ventral nerve cord (VNC).  Worms were reimaged 24 
hr after axotomy.  The axon guidance angle was measured by taking the 
difference between the location of the original axon connection with the VNC and 
the new axon outgrowth/connection towards the VNC.  When the axon did 
successfully meet the VNC, the angle produced by those branches was always 
scored.  When the branch did not connect, the branch that came closest to the 
VNC was scored in strategy one.  In strategy two, the longest branch was 
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scored.  The Student’s t-test was used to calculate guidance angle significance.  
The success rate of reaching the VNC was also determined.  Statistical 
significance was determined using Fisher’s Exact Test. 
 
RESULTS 
Mcu-1(tm6026) worms as a model for MCU impairment 
 MCU is the primary route for Ca2+ entry into one of the major intracellular 
Ca2+ storage compartments, the mitochondria, and can be found at an important 
signaling hub—the MAM.  Given the Ca2+ homeostatic and signaling implications 
of these characteristics, we hypothesized that MCU activity significantly 
influences neuronal regeneration in C. elegans.  To test this hypothesis, we used 
a worm strain possessing a 327 base pair deletion in the MCU gene called mcu-
1(tm6026).  We assume that this mutation renders the protein nonfunctional, 
such that the mitochondria is unable to take up Ca2+ through its normal route via 
the MCU because a large portion of the protein coding region is eliminated by 
this mutation (Figure 5); however, to the best of our knowledge this worm strain 
has not been characterized by others and we do not perform assays here 
illustrating its degree of functionality.   
 
Figure 5 The mcu-1 gene and tm6026 mutation in C. elegans. 
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Axon regeneration 
MCU impairment enhances regeneration in ALM and PLM neurons through a 
Ca2+-dependent mechanism 
 First, we tested whether mcu-1(tm6026) worms display altered 24 hr 
regenerative outgrowth following laser axotomy in ALM neurons.  We found that 
mcu-1(tm6026) worms exhibited significantly enhanced regenerative outgrowth 
(Figure 6C; p<0.01).  
 
 
 
Figure 6 Mcu-1(tm6026) worms display 24hr post-cut Ca2+-dependent  
enhanced regeneration in the ALM neuron. A,B Representative 24 hr post-
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 To assess whether a Ca2+-dependent effect on regeneration was at play in 
mcu-1(tm6026) worms, we used the Ca2+ chelator EGTA.  It has been used 
previously in both in vitro (Cho et al., 2013) and C. elegans (Ghosh-Roy et al., 
2010b) regeneration studies to reduce the concentration of free Ca2+, thereby 
impeding Ca2+ elevations that drive regeneration-associated signaling events. In 
this study, chronic treatment with EGTA dose-dependently reduced the 
regenerative outgrowth in mutant worms (Figure 6D).  While chronic 10 mM 
EGTA treatment did not significantly reduce baseline outgrowth, the same 
treatment in mcu-1(tm6026) worms reverted the enhanced regenerative 
phenotype back to baseline levels (Figure 6C; p<0.05).   
  To determine whether the MCU mutation enhances regeneration in other 
neurons, we repeated the 24 hr regeneration assay in PLM neurons.  Like the 
ALM, PLM neurons in mcu-1(tm6026) worms displayed significantly enhanced 
regeneration (Figure 7; p<0.0001).  
axotomy images of baseline (zdIs5) and mcu-1(tm6026) worms, 
respectively. C Quantified axon outgrowth. Values are mean ± SEM. 
Significance was determined by a one-way ANOVA and the Tukey multiple 
comparisons test **p<0.01 vs. baseline and #p<0.05 vs. mcu-1(tm6026). D 
Dose-response curve for mcu-1(tm6026) worms chronically treated with 0, 5, 
and 10mM EGTA.  	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Figure 7 Mcu-1(tm6026) worms display enhanced 24 hr post-cut 
regeneration in the PLM neuron. Axon outgrowth values are mean ± SEM. 
Significance was determined by a Student’s t-test ****p<0.0001 vs. baseline. 
 
MCU impairment does not promote regeneration of the PLM branch 
 Given that the MCU mutation augments regeneration in both the ALM and 
PLM neurons, which generally display robust outgrowth in response to injury, we 
tested whether the mutation could also promote regeneration in a less permissive 
context.  Following laser ablation, the PLM branch has been shown to lack 
regrowth and sometimes retracts under normal conditions (Wu et al., 2007).  We 
cut one of the PLM branches that projects to the ventral nerve cord in mcu-
1(tm6026) worms and reimaged 24 hr later to assess regeneration (Figure 8).  
No regenerative outgrowth (n=11) was observed. 
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Figure 8 Mcu-1(tm6026) worms do not display regenerative outgrowth  
24 hr following PLM branch cutting.  
 
Axon guidance 
MCU impairment does not affect axon guidance 
 In addition to outgrowth length, accurate axon guidance is an important 
factor in ensuring that regenerative outgrowth reforms the proper connections.  
Thus, we assessed whether mcu-1(tm6026) worms maintain normal axon 
guidance by severing one AVM neuron halfway down its projection to the ventral 
nerve cord. AVM axon guidance in development is well characterized.  In 
particular, previous work has demonstrated the effect of guidance molecules 
such as netrin and slit on AVM outgrowth (Hao et al., 2001, Gabel et al., 2008b).  
Here we measured the angle between the neuron connection to the ventral nerve 
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cord, the cut site, and the new connection to the nerve cord or the closest branch 
(strategy one; shown in Figure 9A) or the longest projection (strategy two; not 
shown), as previously described (Sun et al., 2014).  Mcu-1(tm6026) worms did 
not show any difference in guidance versus baseline worms when strategy one 
was used (quantification not shown; images Figure 9A), but they were more 
successful in reaching the ventral nerve cord compared to baseline worms 
(Figure 9B; not significant).  MCU mutant worms displayed a mean ± SEM 
guidance angle of 40.0° ± 9.4, while baseline worms displayed a guidance angle 
of 62.7° ± 10.8 when strategy one was employed (p=0.120 by Student’s t-test).  
When strategy two was used, MCU worms’ outgrowth had significantly better 
axon guidance than baseline worms; MCU mutant worms displayed a guidance 
angle of 43.8° ± 9.4, and baseline worms displayed a guidance angle of 79.0° ± 
12.5 (p=0.029 by Student’s t-test). 
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Figure 9 Mcu-1(tm6026) worms do not display altered AVM guidance or  
success in reaching the ventral nerve cord compared to wild type. A 
Representative images from baseline and mcu-1(tm6026) worms 24 hr after 
cutting. Green lines indicate the guidance angle used to compare between 
groups using strategy one. B Quantification of AVM neuron success reaching 
the ventral nerve cord.  Error bars show the percent standard error.  The 
Fisher’s Exact test determined that the difference between groups is not 
significant. 
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Calcium dynamics 
MCU impairment significantly affects short-term Ca2+ dynamics 
 MCU facilitates cytosolic Ca2+ homeostasis by taking up excess Ca2+ into 
the mitochondria (Patergnani et al., 2011).  Thus, we hypothesized that mcu-
1(tm6026) worms would display altered Ca2+ signaling dynamics following 
axotomy.  Ca2+ levels at rest were measured at the cell body as well as ~40 µm 
down the axon using a ratiometric value of GCaMP:RFP fluorescence (Figure 
10A).  Neither location displayed altered Ca2+ levels in MCU mutant worms 
compared to baseline (Figure 10B; p=0.79 for cell body and p=0.82 for axon). 
 
Figure 10 Mcu-1(tm6026) and baseline worms have equal resting levels of 
Ca2+ in the cell soma and along the axon. A Representative image of a neuron 
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used to measure Ca2+ and the area along the axon used. B Quantification of 
the GCaMP/RFP ratio at the cell body and 40 µm down the axon.  A Student’s 
t-test determined that there was no significant difference between groups. 
 
To assess whether mcu-1(tm6026) worms responded differently than baseline 
worms in their Ca2+ response to axotomy, we performed an assay to capture 
cytosolic Ca2+ levels at the cell body and along the axon every three seconds, 
ranging from 30 s prior to and 5 min following axotomy (Figure 11B).  We 
normalized all GCaMP/RFP values to the average values obtained during the 30 
s precut video.  No difference between the baseline and mcu-1(tm6026) worms 
was observed in their response to axotomy in the cell body (Figure 11C); 
however, mcu-1(tm6026) worms displayed a dramatically reduced response to 
axotomy within 5 µm of the cut site compared to baseline worms (Figure 11D). 
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Figure 11 Mcu-1(tm6026) worms display a dramatically reduced Ca2+ 
response to laser ablation 40 µm from the cell body versus baseline at the cut 
site. A Image of an ALM neuron cut 40 µm from the cell body.  B Video 
recording protocol.  C Ca2+ response in the cell body and D at the cut site to 
axotomy.  Baseline responses are represented in blue, mcu-1(tm6026) in 
orange. The shaded regions surrounding the dark GCaMP/RFP traces 
represent SEMs. 
 
MCU impairment does not affect long-term Ca2+ dynamics 
 Since mcu-1(tm6026) worms exhibit a clear, immediate effect on Ca2+ 
levels post-axotomy at the cut site, we were interested in whether long-term Ca2+ 
dynamics are also affected by an impairment in MCU.  We took images of ALM 
neurons prior to and following axotomy for a 5 hr period.  A slight Ca2+ elevation 
in the cell body of mcu-1(tm6026) worms compared to baseline was observed up 
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to 1 hr following the cut (Figure 12A; p=0.004 at 1 hr).  In contrast to the 5 min 
movie data, long-term imaging analysis showed that there was no difference 
between baseline and MCU mutants’ Ca2+ levels at the axon cut site (Figure 
12B).  Images were taken manually for the long-term Ca2+ imaging experiment 
rather than with the automated program used for short-term imaging. Thus, 
consistent image capture timing was lacking in long-term experiments, which 
could potentially account for the differences observed between the two methods. 
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Figure 12 There are minimal long-term differences in Ca2+ levels between 
mcu-1(tm6026) and baseline worms following laser ablation 40 µm from the 
cell body. A There is a slight elevation in Ca2+ in the cell body initially following 
axotomy. B There is no difference in Ca2+ levels in the axon between groups.  
N=18 for all groups. Statistical significance was determined by the Student’s t-
test *p<0.05 and **p<0.01.  
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Reactive oxygen species 
Global impairment of antioxidants does not significantly affect regeneration 
 In addition to Ca2+ sequestration and release, mitochondria also have the 
ability to affect cellular processes through their release of ROS.  ROS have 
recently become appreciated as important signaling molecules, possessing the 
ability to modify proteins’ functionality.  If mitochondria-derived ROS are targeted 
to Ca2+ handling proteins, they can modify the Ca2+ signal following axotomy and 
influence the degree of regeneration.  Thus, we explored whether chronic, global 
impairments of antioxidants (molecules that protect cells from oxidative damage 
by ROS) would affect 24 hr regenerative outgrowth.  To do this we used C. 
elegans that had mutations in either superoxide dismutase (sod-2(gk257);sod-
3(tm760)) or catalase (ctl-1(ok1242)).  Since these mutants have reduced 
antioxidant activity, more ROS and its signaling events should be present within 
cells.  Neither of these mutations caused impaired regeneration in ALM neurons 
(Figure 13).  We also tested whether double MCU and catalase mutations would 
affect regeneration, but a significant effect was not observed (Figure 13). 
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Figure 13 Global impairment of antioxidants does not significantly affect 
regeneration. Statistical significance was determined by a one-way ANOVA and 
the Tukey multiple comparisons test **p<0.01 vs. baseline and ###p<0.001 vs. 
mcu-1(tm6026).	  
 
 Pharmacological manipulations were also used to evaluate the effect of 
ROS on 24 hr regeneration.  Superoxide’s electrophilic nature impedes it from 
crossing the mitochondrial membrane, and it has a short half-life (Li et al., 2013).  
These characteristics prevent superoxide from being a prime signaling molecule, 
suggesting that another ROS such as H2O2 may mediate a majority of 
mitochondria-derived ROS signaling.  Therefore, we tested whether inhibiting 
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glutathione peroxidase by diethyl maleate (DEM) would increase H2O2 levels and 
perhaps enhance signaling pathways associated with regeneration.  Based on 
previous studies indicating the importance of ROS on regeneration (Munnamalai 
& Suter, 2009; Rieger & Sagasti, 2011; Taulet et al, 2012), we hypothesized that 
increasing ROS by DEM and decreasing ROS by sodium pyruvate would 
promote and impede regeneration, respectively. We found that chronic treatment 
with DEM did not significantly promote or impair regeneration in either baseline 
or MCU mutants (Figure 14C), while treatment initiated ~5–10 min following 
injury of mcu-1(tm6026) worms did reduce regeneration to baseline levels 
(p<0.01).  Decreasing H2O2 levels using sodium pyruvate did not affect 
regeneration (Figure 14B). 
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Figure 14 Mcu-1(tm6026) worms with impaired glutathione peroxidase activity  
after injury alone display reduced 24 hr regenerative outgrowth. A Mechanism for 
superoxide conversion to water and treatment mechanisms of action. B 
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Treatment with sodium pyruvate does not affect regeneration. C Treatment with 
DEM only after injury affects regeneration. N number is located in each bar. 
*p<0.05 and **p<0.01 vs. baseline; ##p<0.01 vs. mcu-1(tm6026) by one-way 
ANOVA and the Tukey multiple comparisons test. 
 
DISCUSSION 
Axon regeneration 
 This study sought to determine whether MCU activity and ROS 
significantly affect regeneration in vivo using C. elegans.  Our results in both ALM 
and PLM mechanosensory neurons clearly indicate that a mutation in MCU can 
enhance regenerative outgrowth lengths in neurons that typically display a 
capacity for regeneration (Figure 6C,7).  The consistent phenotype observed in 
the two distinct neuron types here suggests that significantly enhanced 
regeneration may be possible in many neuron types via a functional disruption of 
the MCU protein alone.  Importantly, mice lacking MCU expression have recently 
been produced, and despite the apparent loss of mitochondrial Ca2+ uptake, 
these animals display no overt toxicities or severe adverse phenotypes (Pan et 
al., 2013).  Other than slight changes in basal energetics and a reduced capacity 
for strenuous work, findings from this paper suggest MCU-/- or the use of an MCU 
inhibitor may be exceptionally tolerable in humans as well.  That being said, 
therapeutics for SCI must target CNS neurons, and as a result can influence 
learning, memory, and general cognitive functioning.  Thus behavioral tests 
should be performed in MCU-/- animals to confirm that cognition remains intact. 
 The enhanced regenerative outgrowth observed in ALM and PLM neurons 
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does not appear to extend to at least one condition where highly inhibitory, 
intrinsic factors are present, such as at the PLM branch (Figure 8).  Previous 
work in C. elegans suggests that when stable synaptic branches form, axon 
growth is inhibited (Schaefer et al., 2000).  Wu et al. (2007) demonstrated that 
axotomy of the PLM axon 10 µm distal to the branch or on the branch results in 
essentially no growth.  In contrast, PLM axon cutting 10 µm proximal to the 
branch allows extensive regenerative outgrowth to occur.  These findings 
suggest that no extrinsic or environmental factor is preventing PLM branch 
outgrowth, but some intrinsic factor mediates the effect.  Further characterization 
of the conditions and neuron types (such as motorneurons) where the MCU 
mutation exerts its positive effect on regeneration will inform how applicable this 
manipulation may be in the clinic. 
 Our results also indicate a Ca2+-dependent effect on mcu-1(tm6026) 
enhanced neuronal regeneration (Figure 6C,D).  Reduced regenerative 
outgrowth following cytosolic Ca2+ chelation has been well documented (Ghosh-
Roy et al., 2010; Hellman et al., 2010; Cho et al., 2013).  MCU uptake of Ca2+ 
acts as a natural buffering system for the cytosolic Ca2+ concentration; thus, the 
presence of a mutation in the MCU protein theoretically removes this buffering 
capacity.  Although global changes in Ca2+ might be predicted by such 
manipulations, we do not see a significant elevation or any change in the Ca2+ 
concentration at either the cell body or along the axon within the intact neuron 
(Figure 10).  These observations do not exclude the possibility that Ca2+ 
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dynamics are altered at highly localized locations (e.g. at the MAM), which serve 
as the starting place or primary source for Ca2+ signals influencing regeneration.  
The lack of buffered Ca2+ predicted to occur at these discrete locations may allow 
mcu-1(tm6026) worms to be lifted from an inhibitory effect on regenerative 
outgrowth.  When a Ca2+ chelator such as EGTA is then exogenously applied to 
MCU mutants, buffering is enhanced at all locations, including sites such as the 
MAM, which causes outgrowth length to revert back to baseline levels.  While the 
concentration of EGTA used in this study was insufficient to reduce 24 hr 
regeneration in baseline worms, the dose-dependent reduction in MCU mutant 
regeneration observed following chronic treatment suggests that mutants 
possess a greater sensitivity to Ca2+ chelation (Figure 6C,D), perhaps due to 
their loss of mitochondrial Ca2+ buffering capacity.       
 
Axon guidance 
 In this study, we used two methods to analyze the axon guidance of AVM 
neurons cut halfway down their projection to the VNC. Both main branch 
outgrowth length and proximity to the target site are important factors in 
regeneration, so we took each into consideration for our analysis.  Guidance 
angles calculated by the first strategy placed a greater priority on regenerative 
outgrowth branches projecting closer to the VNC than the longest branch.  The 
second strategy scored the guidance angle using the longest outgrowth branch.  
Strategy two yielded a significant difference between baseline and MCU mutants, 
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with MCU mutants displaying more accurate axon guidance (Figure 9A).  
Additionally, MCU mutants were more successful in reaching the VNC than 
baseline worms (Figure 9B), possibly because they displayed longer outgrowth.  
In sum, the AVM neurons of MCU mutants do not display impaired axon 
guidance, but are actually more likely to grow towards and reach the original 
connection site than baseline animals potentially because of their ability to grow 
more quickly.  Thus, these findings provide further evidence that targeting the 
MCU and reducing its activity may be a successful treatment strategy for SCI.   
 
Calcium dynamics 
 Our short-term Ca2+ imaging experiments reveal a significantly reduced 
Ca2+ elevation at the axon cut site in response to axotomy in MCU mutants 
compared to baseline (Figure 11D).  Previous work has shown that the initial 
Ca2+ spike following axotomy serves as a reliable indicator of the success of 
subsequent regeneration, where greater Ca2+ amplitudes are associated with 
longer regrowth (Ghosh-Roy et al, 2010).  Conversely, our results argue that a 
large injury-induced Ca2+ spike at the cut site is not required for extensive 
outgrowth (Figure 11D).  During cells’ response to damage, Ca2+ release from 
the ER is a main source of the immediate Ca2+ signal (Gosh-Roy et al., 2010b; 
Pinan-Lucarre et al., 2012 ; Sun et al., 2014). Mitochondrial buffering of Ca2+ is 
believed to promote store-operated Ca2+ entry (Hoth et al., 1997). Additionally, 
previous work has demonstrated that mitochondrial buffering also counteracts 
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IP3R and RyR Ca2+-induced Ca2+ release inactivation (Samanta et al., 2014).  
Consequently, a mutation in MCU would remove this buffering power, thereby 
reducing the amount of Ca2+ entering from the plasma membrane and being 
released into the cytosol by the ER. 
 Evidence for the importance of a long-term Ca2+ elevation as well as the 
activity of particular Ca2+ handling players over others is becoming increasingly 
apparent (Sun et al., 2014; Ghosh-Roy et al., 2010).  While the results here do 
not demonstrate a significant long-term difference in the Ca2+ signal between 
baseline and MCU mutant worms (Figure 12), our results support the concept of 
specific Ca2+ handling proteins serving key roles in regenerative processes.  It 
should be noted that C. elegans neurons are different from mammalian neurons 
in several respects, including the fact that only a few nematode neurons are 
believed to transmit signals via action potentials (Mellem et al., 2008). Thus, this 
difference could lead to discrepancies between nematode and vertebrate Ca2+ 
responses to injury. Nevertheless, elucidating how MCU interacts with other 
components of the Ca2+ signaling network as well as how its minor injury-induced 
Ca2+ response affords extensive regeneration in C. elegans will greatly improve 
our understanding of CNS repair processes.    
 
Reactive oxygen species 
 Several groups report the importance of ROS in neuronal regenerative 
success (Munnamalai & Suter, 2009; Rieger & Sagasti, 2011; Taulet et al, 2012). 
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The close association between the mitochondria and ER or the plasma 
membrane allows the diffusion of ROS from mitochondria to Ca2+ channels at 
these locations.  Thus, these findings and the ability of ROS to affect Ca2+ 
dynamics prompted us to explore whether significant changes in neuronal 
regeneration in vivo in C. elegans could be observed when ROS are globally 
manipulated.  Both genetic mutations in primary cellular antioxidants as well as 
pharmacological manipulations increasing or decreasing ROS yielded 
nonsignificant results in our 24 hr regeneration assays (Figures 13 & 14).  3 mM 
DEM administered after axotomy alone did significantly reduce MCU mutant 
regeneration to baseline levels.  This effect is unlikely to be caused by a 
concentration-dependent toxicity because chronic DEM treatment in baseline and 
MCU mutants at this concentration did not affect regenerative outgrowth length 
(Figure 14C).  However, acute DEM treatment immediately following injury may 
result in an overload of ROS that blocks the effect of MCU impairment on 
regeneration.  In contrast to other reports (Rieger & Sagasti, 2011), we cannot 
conclude that injury-induced ROS promote regeneration.  That being said, we are 
unable to exclude this possibility because sodium pyruvate treatment after 
axotomy alone was not performed.  We do show that treatment promoting an 
elevation in ROS in addition to injury-induced elevations negatively impacts 
outgrowth.   
 Importantly, the significance of localized signaling between organelles and 
specific proteins was unable to be addressed in the experimental procedures 
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used in this study.  Pockets of elevated ROS specifically around mitochondria 
could be driving an injury-induced ROS response by modifying exposed thiol 
groups.  To address this possibility, manipulations of the expression or function 
of peroxiredoxin-3, a mitochondrial thioredoxin peroxidase that reduces H2O2, or 
antimycin A and diazoxide treatment to increase ROS produced by the 
mitochondria specifically should be performed.  Additionally, characterizing how 
channels like the RyR and IP3R respond to mitochondria specific ROS 
manipulation in vivo will reveal how molecular interactions occurring between 
mitochondria and other Ca2+-handling proteins within neuronal cells can affect 
Ca2+ dynamics and regeneration, which have not been well-documented in the 
literature.    
 
FUTURE DIRECTIONS 
MCU and CaMKII 
 Future work is needed to confirm that the mcu-1(tm6026) mutation is 
indeed impairing the MCU to produce these results. Treating wild-type worms 
with RNAi for mcu-1 is one method that can be used to confirm these results. 
The enhanced regeneration mcu-1(tm6026) worms display compared to baseline 
worms may be caused by differences in serine/threonine protein kinase 
Ca2+/calmodulin-dependent protein kinase II (CaMKII) activity.  Studies done in 
heart tissue have demonstrated a link between the activity of CaMKII and MCU.  
One such study showed that myocardial cell death is mediated by a CaMKII-
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dependent induction of apoptosis and necrosis via mitochondrial pro-death 
pathways (Salas et al., 2010). Joiner et al. (2012) demonstrated in mice that 
CaMKII increases MCU current, promoting mitochondrial permeability transition 
pore opening and myocardial cell death.  Inhibiting cytosolic or mitochondrial 
CaMKII reduced MCU current and prevented ischemia reperfusion injury, 
myocardial infarction, and neurohumoral injury.  Furthermore, this work showed 
that CaMKII specifically phosphorylates two serine sites on the N-terminus of 
MCU, increasing the inward Ca2+ current (Figure 15).  When these residues were 
mutated to alanine, the phenotype was lost. These findings suggest that at least 
some of the adverse downstream effects of CaMKII are mediated by MCU, and 
perhaps the loss of function mutation in mcu-1(tm6026) worms prevents CaMKII 
from exerting this pathophysiological/anti-growth downstream effect.  Future work 
will be necessary to confirm this possibility. 
 
Figure 15 Correll & Molkentin, 2013.  CaMKII localized to the mitochondria can 
regulate MCU activity and increase inward Ca2+ current.  
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Molecular interactions at MAM 
 The potential for MAM molecular interactions to influence neuronal 
regeneration through altered Ca2+ dynamics is great: the mitochondria and ER 
are the major intracellular storage sites for Ca2+, interorganellar tethering allows 
each of their Ca2+ channels to act upon one another at close range to modify 
Ca2+ signaling, ROS can diffuse from the mitochondria to influence ER proteins 
like the RyR and IP3R, and many other Ca2+ sensitive proteins exist at these 
sites.  Here we show that MCU activity alone influences regenerative outgrowth.  
Others have found similar results for the RyR (Sun et al., 2014) and IP3R 
(Ghosh-Roy et al., 2010).  Determining whether there is an interaction between 
MCU and RyR and/or IP3R or mitochondria-derived ROS and ER-targeted 
proteins will be an important contribution to neuronal regeneration research and 
could detail a more complete mechanism for how certain signaling events 
promote or impede regeneration.  Importantly, a fraction of phosphatase and 
tensin homolog deleted on chromosome 10 (PTEN) has recently been shown to 
localize to the ER and MAM (Bononi et al., 2013).  Prior work has demonstrated 
that PTEN deletion greatly enhances the ability of adult corticospinal neurons to 
regenerate in mice (Liu et al., 2010).  Together, these findings provide further 
evidence that the MAM may be a critical region of interest in neuronal 
regeneration and research efforts aimed at clarifying MAMs’ activities are 
warranted. 
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Mitochondrial transport 
 Mitochondrial buffering capacity has the potential to alter the strength of 
signaling events (e.g. the activation of Ca2+ sensitive kinases) depending on how 
many mitochondria are present at locations of increased Ca2+ concentration.  
Hence, mitochondrial transport dynamics could significantly influence 
regenerative outgrowth.  An in vitro study done in chick sympathetic neurons 
showed mitochondria preferentially distributed at the growth cone. This study 
also showed that mitochondrial transport is coordinated with axonal outgrowth, 
and disrupted mitochondrial transport promotes regeneration (Morris & 
Hollenbeck, 1993).   These findings highlight the importance of this organelle in 
regeneration, but they have yet to be confirmed in an in vivo model. Rawson et 
al. (2014) recently showed in C. elegans that axons devoid of mitochondria via a 
ric-7 mutation rapidly degenerate following axotomy and sometime even display 
spontaneous degeneration.  Degeneration could be inhibited when mitochondria 
were forced into axons, suggesting, once again, that mitochondria facilitate axon 
survival and growth. 
 
CONCLUSION 
 In this study, we demonstrate that MCU impairment by genetic mutation in 
C. elegans enhances regenerative outgrowth in mechanosensory neurons by a 
Ca2+-dependent mechanism.  Furthermore, our results suggest that MCU 
impairment significantly reduces neurons’ short-term Ca2+ response to axotomy, 
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while long-term Ca2+ responses remain unaffected. Together, these findings 
suggest that mitochondrial calcium regulation plays a significant role in the 
regeneration of single neurons, and that inhibition of MCU activity may be a 
promising avenue for the treatment of spinal cord injury.  
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